ALMA observations show a non-detection of carbon monoxide around the four most luminous asymptotic giant branch (AGB) stars in the globular cluster 47 Tucanae. Stellar evolution models and star counts show that the mass-loss rates from these stars should be ∼1.2-3.5 × 10 −7 M ⊙ yr −1 . We would naïvely expect such stars to be detectable at this distance (4.5 kpc). By modelling the ultraviolet radiation field from post-AGB stars and white dwarfs in 47 Tuc, we conclude CO should be dissociated abnormally close to the stars. We estimate that the CO envelopes will be truncated at a few hundred stellar radii from their host stars and that the line intensities are about two orders of magnitude below our current detection limits. The truncation of CO envelopes should be important for AGB stars in dense clusters. Observing the CO (3-2) and higher transitions and targeting stars far from the centres of clusters should result in the detections needed to measure the outflow velocities from these stars.
INTRODUCTION
Our understanding of how baryonic matter is recycled from metal-poor stars back into their host environment currently faces two major problems: how is mass actually lost from the stars and what happens to it when it is returned to the interstellar medium (ISM)?
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Mass loss from giant stars follows a two-stage process. Chromospheric or magneto-acoustically-driven mass loss occurs during a star's red giant branch (RGB) and early asymptotic giant branch (AGB) evolution, when warm (∼6000 K) plasma is ejected from the surface (e.g. Dupree et al. 1984; Lim et al. 1998; Lobel & Dupree 2000; Schröder & Cuntz 2005) . Although initially faster, this wind slows to ∼10 km s −1 at the luminosity of the RGB tip (McDonald & van Loon 2007; Groenewegen 2014 ). Later, κ- Cutri et al. (2003, 2MASS) ; (2) 2MASS offset from cluster core (00 24 05.67, -72 04 52.6); (3) average and semi-amplitude of radial velocities from ; with a -8.7 km s −1 correction from heliocentric velocity, plus V -band magnitude pulsation amplitudes (full range) and periods; (4) McDonald et al. (2011a) , based on multi-wavelength literature photometry; (5) Lebzelter et al. (2014) , based on instantaneous measurements at the given pulsation phase. mechanism pulsations can levitate material from the star, enhancing the mass-loss rate (Wood 1979; Bowen 1988) . Strongly linked to this pulsation is the formation of dust in the denser stellar atmosphere (e.g. Bladh & Höfner 2012; McDonald et al. 2012 McDonald et al. , 2014 . Radiation pressure on this dust drives the stellar wind in a cooler outflow, also of typically ∼10 km s −1 , rising with stellar luminosity to ∼20 km s −1 (e.g. Loup et al. 1993; Marshall et al. 2004) . Although dust production begins at luminosities below the RGB tip McDonald et al. 2011b , sufficient radiation pressure to drive the wind is only achieved once the star reaches ∼1000-5000 L⊙ (e.g. Winters et al. 2000; Riebel et al. 2010; Ita & Matsunaga 2011; McDonald et al. 2014 ).
However, the expansion velocities of metal-poor stellar winds are poorly known. The stars are smaller compared to metal-rich stars at the same luminosity, so pulsations are thought to be weaker (Kjeldsen & Bedding 1995) . The stellar surface resides deeper in the gravitational potential, so material must be levitated further before reaching temperatures where dust can condense. We also expect the dust:gas ratio will decrease, meaning that the associated mass-loss rate and velocity enhancements will also decrease. The transition between a chromospheric and pulsationenhanced, dust-driven wind should consequently happen at a higher luminosity (Winters et al. 2003; McDonald et al. 2011a McDonald et al. , 2012 . Without measurement of these expansion velocities, however, these theories remain untested. The wind expansion velocity is an important parameter in determining mass-loss rates from radiative transfer modelling of infrared excesses, which is a valuable method of determining the mass of both dust and gas ejected by giant stars, and the only method currently feasible outside our Galaxy (e.g. McDonald et al. 2011a; Boyer et al. 2011 Boyer et al. , 2012 Sloan et al. 2012; Javadi et al. 2013; Jones et al. 2015; Boyer et al. 2015) .
Once material leaves the star it is reprocessed, first by the interstellar radiation field (ISRF) and then by interstellar shocks. Other unknowns then become important in determining how quickly dust is destroyed, molecules are dissociated, and atoms ionised. Contributing factors include the star-formation history of the population (setting the UV flux from high-mass main-sequence, low-mass horizontal-branch and post-AGB stars), the amount of interstellar dust shielding, and the local stellar density. There is a growing realisation that the enrivonment in which stars lie can have profound effects on their molecular and mineralogical yields (Zhukovska et al. 2015) .
Nowhere is this more strongly felt than globular clusters. The preparation of this work sparked the theory that ionisation should exert a powerful control over the interstellar environment of globular clusters (McDonald & Zijlstra 2015a) . Very strong ISRFs should be generated by post-AGB stars and the hottest white dwarfs, but the short-lived nature of these objects means the ISRF is constantly varying. Not only should these sources be capable of dissociating and ionising the intra-cluster medium (ICM), but they also provide the ICM with enough thermal energy that it overflows the globular cluster, preventing further star formation.
We now turn our attention to the circumstellar environments of globular cluster stars. Many of the above issues can be addressed by observing (sub-)mm CO lines emanating from the winds of stars in globular clusters. CO is one of the first molecules to form as the extended atmosphere of the star is ejected, and it survives until its dissociation by the ISRF. This dissociation is mainly by photo-absorption in molecular lines, hence even in the absence of dust, selfshielding can be important in protecting CO in stellar winds. Observationally, the widths of (sub-)mm CO lines provide a direct measurement of the wind-expansion velocity, while their strength provides an independent estimate of mass-loss rate. Their strengths are also affected by the characteristic radius from the star at which CO is dissociated by the ISRF (Mamon et al. 1988) . Hence, by comparing the strength of CO lines from stars with known mass-loss rates to model predictions, we can quantify the strength of the ISRF to which they are subjected.
In this paper, we report on observations with the Atacama Large Millimetre Array (ALMA) of the four brightest stars in 47 Tucanae. Section 2 describes these observations, and defines upper limits to the non-detections we find. Section 3 models the expected mass-loss rate from the star, the size of the CO envelope, and calculate the expected strength of the CO transitions. This is done under the assumption that the ISRF is strong dissociating the CO envelope. Results are discussed in Section 4. Alternative scenarios which might remove the CO envelopes of our target stars are explored in the Appendix.
OBSERVATIONS

Target selection
Among the closest and most populous globular clusters is the intermediate-metallicity cluster 47 Tuc (NGC 104; 4.5 kpc, [Fe/H] = -0.72 dex, M = 1.5 × 10 6 M⊙; Gnedin et al. 2002; Harris 2010) . This cluster was chosen partly because its stars show a relatively small spread in chemical abundances compared to other clusters of similar size (Worley et al. 2010; Gratton et al. 2013; Cordero et al. 2014; Černiauskas et al. 2014; Dobrovolskas et al. 2014; Lebzelter et al. 2014; Thygesen et al. 2014; Johnson et al. 2014) , and partly because it contains a well-studied set of luminous, dusty AGB stars.
The cluster's variable stars have a unique, long and well-covered history (Pickering 1894) . Infrared photometry and spectra have been published at many wavelengths over many epochs (Glass & Feast 1973; Origlia et al. 1997b; Ramdani & Jorissen 2001; Origlia et al. 2002) . Mid-infrared spectroscopy of the brightest variables (Lebzelter et al. 2006; van Loon et al. 2006a; McDonald et al. 2011a ) show a mixture of silicate and alumina dust features, and a potential featureless contribution from metallic iron dust (cf. McDonald et al. 2010) . This combination has led to several estimates of their dust-production rates (Origlia et al. 2007; Boyer et al. 2010; Origlia et al. 2010; McDonald et al. 2011b,a; Momany et al. 2012) . High-resolution optical spectroscopy of moderately bright giants suggest relatively slow outflows from the stellar chromospheres of ∼10 km s −1 (McDonald & van Loon 2007) . Near-infrared spectroscopy (Lebzelter et al. 2014) shows that the brightest stars have abundances similar to other stars in the cluster. They have not experienced substantial third dredge-up, and perhaps have not experienced any third dredge-up episodes.
We present sub-mm CO observations of the four most luminous, most evolved stars in 47 Tuc. They are denoted by Sawyer Hogg (1973) as V1, V2, V3 and V8. Previously published parameters of these stars from the above references are given in Tables 1 and 2 . In particular, Table 2 gives the mass-loss rate (ṀIR) and wind velocity (v dust exp ) predicted for a purely radiation-driven wind. McDonald et al. (2011a) derived these on the basis of radiative transfer modelling of their infrared spectra using the dusty code (Nenkova et al. 1999 ) with a radiation-driven wind (density type = 3). In all four cases, the spectral energy distributions were best modelled with a mostly metallic iron wind, with some stars having contributions from amorphous and crystalline silicates, aluminium oxide and iron oxide. Table 2 also gives the mass-loss rate expected for a purely magneto-acoustically driven wind, as derived from semi-empirical scaling laws applied to the cluster's other stars (ṀReimers,ṀSC05; see Section 3.2).
ALMA & APEX observations
Observations of 47 Tuc V1, V2, V3 and V8 (see Figure 1) were carried out using ALMA in receiver band 6 on the night of 2013 Nov 05 over a 1.05 h integration. Observations were centred on the 12 C 16 O J = 2 → 1 transition at 230.538 GHz, and were carried out at high precipitable water vapour (2.8-3.5 mm) but otherwise good conditions. The correlator output consisted of 3840 channels of 244.141 kHz each. The data were processed following the standard ALMA quality assurance calibration and imaging processes. Neptune was used for amplitude calibration and the quasars J1924-291 and J0102-7546 for bandpass and phase calibration, respectively.
During the ALMA observations the majority of antennae (26 of 29) were positioned within ∼250m of the array centre; the remaining three telescopes were at larger distances (∼530m, ∼790m and ∼1014m). At the imaging stage of data reduction the visibilities from these three antenna were downweighted 1 . This was accomplished using the uvtaper parameter set to True and the outaper option set to 1.5 ′′ in CASA's clean task (McMullin et al. 2007 ). In addition to this a restoring beam of 2 ′′ × 2 ′′ was also applied at the CLEANing stage. These techniques were used to generate images with a beam more representative of the antennae in the centre of the array. Imaging additional to that provided with the ALMA data release was conducted in CASA using the clean routine to create two data cubes for each source, one with a binning of ten spectral channels (channel width: 3.2 km s −1 bin −1 ) and one with two-channel binning (0.64 km s −1 bin −1 ). The pixel scale in both cubes is 0.15 ′′ pixel −1 . No line or continuum source is visible in any of the maps to the depth of the observations. The standard deviation of the noise in the final images is ∼14 mJy beam −1 per 0.64 km s −1 channel pair for V1, V3 and V8, and ∼16 mJy beam −1 per channel pair for V2. The shortest baseline (17 m) corresponds to a maximum detectable object size of 15.
′′ 7, though the CO shells are expected to be unresolved (≈1 ′′ ; Section A1). On-source spectra were extracted using a 3×3 pixel box surrounding the central source. Figure 2 shows the two-channel-averaged spectra around the velocity of the cluster. The maximum twochannel flux for each source is 30, 33, 36 and 37 mJy beam −1 for V1, V2, V3 and V8, respectively. Each spectrum was examined and found to have noise following a Gaussian distribution, both on each source and at various points away from each source. On-source standard deviations in the spectra are 10.2, 11.9, 11.6 and 11.2 mJy beam −1 per 0.64 km s −1 bin for V1, V2, V3 and V8, respectively.
Additional data were obtained from the Atacama Pathfinder Experiment (APEX) telescope. A four-hour integration on 47 Tuc V1 was made in the 345 GHz 12 C 16 O J = 3 → 2 transition (project identifier: O-092.F-9327A). Standard reduction of the APEX data was performed at Onsala Space Observatory before receipt of the data. No line was detected, with a limiting peak flux of ∼0.1 Jy over a typical 10 km s −1 bin from the 17. ′′ 3 beam. (Harris 2010) and the range of radial velocities over the pulsation cycle are shown as thick horizontal lines . Lines show the spectra, boxcar-smoothed by 11, 20, 15 and 7.4 km s −1 for V1, V2, V3 and V8, respectively. This smoothing corresponds to the upper mass-loss rate limits quoted in Table 3 .
Results & comparison to previous observations
Neither the ALMA nor the APEX data showed any convincing indication of spectrally resolved CO emission (e.g. departure from Gaussian noise centred around zero flux). The only previous significant CO observations of the cluster are by Origlia et al. (1997a) , who claim a weak CO (1→0) detection around the cluster's velocity with a signalto-noise ratio of 3. We interpret their peak fluxes as 1.6 Jy, assuming an aperture efficiency for the Swedish-ESO Sub-millimetre telescope 2 (SEST) of 27 Jy K −1 . Origlia et al.'s observing position is not quoted, but assumed to be α ≈ 00 24 22, δ ≈ −72 05 48, following their offset from Krockenberger & Grindlay (1995) . This is 68
′′ from V1, compared to a full-width half-maximum SEST beam width of 45
′′ . In neither dataset do we recover any source comparable to the CO (1-0) detection of Origlia et al. (1997a) , though the beam footprint of the SEST observations extends considerably beyond both the ALMA primary beam of 15.
′′ 7 and the APEX primary beam of 17.
′′ 3. The CO emission is expected to be spatially unresolved by ALMA and the mass-loss rate is expected to be sufficiently low that the lines will be optically thin. An unresolved, optically thin line will have a rectangular ('boxcar') spectral profile. To identify whether a low-contrast, spectrally resolved feature is present in our data, we smoothed our data using a boxcar function (running average). The boxcar was given different central velocities, from vLSR = −50 to 0 km s −1 , and different widths, from 1.27 km s −1 to 85 km s −1 (4-133 channels). Typical expansion velocities for dust-producing stars in the Milky Way are ∼10-20 km s −1 , and are typically ∼10 km s −1 for stars producing little dust (e.g. Schöier & Olofsson 2001; Danilovich et al. 2015) . We presume the expansion velocity is vexp < 20 km s −1 , and that the centre of the emission line is Doppler shifted by no more than 5 km s −1 from the average radial velocity of the star. The limits to the velocity-integrated CO line strength are typically below <200 mJy km s −1 , with a typical 1σ uncertainty being ∼100 mJy km s −1 (see Table 3 ). The boxcar-smoothed spectra producing these maximum fluxes are shown in Figure 2 .
The mean photospheric radial velocities and their pulsation-induced variation are listed in Table 1 3 . The highest flux in the V1 and V8 spectra is within 10 km s −1 of the mean photospheric velocities of the stars as published by . These may indicate a tentative detection of the CO line, but we do not consider them reliable as they are only at the 1.3 and 2.1σ confidence levels, respectively.
THE EXPECTED CO LINE FLUX
The CO flux under Galactic ISRF condtions
Our observations were carried out under the naïve assumption that the envelopes of our target stars behave as Galactic stars do. In this section, we show that we could expect a similar Galactic star to be observable at the distance of 47 Tucanae. This provides a baseline to which we can compare our final model. Olofsson (2008) provides an estimate of the peak CO(2-1) line flux from an evolved star, namely:
Jy (1) whereṀ is the mass-loss rate in M⊙ yr −1 , ve is the expansion velocity in km s −1 , fCO is the ratio of CO to H2, and D is the distance in kpc (D = 4.5 kpc). From Table 2 , we can modestly expectṀ ≈ 2 × 10 −7 − 2 × 10 −6 M⊙ yr −1 , depending on the star and the method used. If we assumė M > 3 × 10 −7 M⊙ yr −1 (appropriate for V1), a canonical ve = 10 km s −1 and fCO = 4 × 10 −5 (based on scaling a canonical 2 × 10 −4 (Ramstedt et al. 2008 ) by the metallicity of 47 Tuc, which is a fifth of solar metallicity), we obtain a peak flux of >14 mJy. Assuming a boxcar profile gives an integrated intensity of >280 mJy km s −1 , which is still greater than our upper limit.
Olofsson (2008) also predicts that the CO(3-2) flux should be around twice as strong. A less conservative value ofṀ = 10 −6 M⊙ yr −1 produces 1200 mJy km s −1 for the CO(2-1) line, implying 2400 mJy km s −1 for the CO(3-2) line, or 1.2σ in our APEX observation.
Much depends on the exact values used in the equation above, as well as the accuracy of the formula itself. Stars in globular clusters exist in environments unlike the well-studied stars in the Solar Neighbourhood. In particular, it has recently been shown that the ISRF is considerably stronger and harder (McDonald & Zijlstra 2015a ). This will have a substantial impact on the size of the CO envelope and the line flux emitted from it. In this section, we re-evaluate the expected CO line fluxes from these stars by creating a photochemical dissociation model for V1. We consider other factors peculiar to globular clusters in the Appendix, but find that they have little impact.
Expected mass-loss rates
Expected mass-loss rate from chromospheric physics
In general, mass-loss rates of stars without dust-driven winds are comparatively well determined and have been parameterised into scaling relations. Two common formalisms which are frequently adopted are the emprical formalism of Reimers (1975) and its semi-emprical modification by SC05. In these formalisms, the mass-loss rate is scaled by an efficiency factor, η. In terms of observable units, they can be written as:
and:
where the luminosity, mass and temperature (L, M , T * ) are all scaled to solar units and the mass-loss rate is in M⊙ yr −1 . Throughout a large sample of Milky Way globular clusters, McDonald & Zijlstra (2015b) compared the mass lost between the main-sequence turn-off and the horizontal branch and compared it to theoretical isochrones at fixed η. This fixes η around the point where mass loss is strongest, close to the RGB tip. From these, the following efficiency parameters were derived for the median stars in globular clusters: ηR = 0.477 ± 0.070
−0.062 , and ηSC = 0.172 ± 0.024
where each value is given with its respective statistical and systematic error 4 . From these, we derive the minimum massloss rates listed in Table 2 ofṀReimers ≈ 2 − 3 × 10 −7 M⊙ yr −1 andṀSC05 ≈ 7 − 11 × 10 −7 M⊙ yr −1 . These values are appropriate for 'stable' stars, without extra energy from pulsations or radiation pressure on dust. While the interplay of pulsations on transfer of magneto-acoustic energy to the chromosphere is poorly determined, we would expect these values to provide a lower limit to the mass-loss rate from pulsating, dusty AGB stars.
Expected maximum rate from stellar evolutionary arguments
The mass lost from an AGB star during the last part of its life must not exceed the envelope mass of the star at the beginning of that period. Low-luminosity AGB stars are not easily seperable from RGB stars. AGB stars can only be uniquely identified once they exceed the luminosity of the RGB tip. If we can determine both the remaining lifetime of an AGB star passing the luminosity of the RGB tip, and the envelope mass it has when it does so, the quotient of the two should yield the average mass-loss rate of AGB stars above the RGB-tip luminosity.
The time spent above the RGB tip is relatively easy to compute. Our four stars lie above the RGB of 47 Tuc. For the purposes of these calculations, we also include the fifth-brightest star in the cluster. V4 is a probable AGB star at the luminosity of the RGB tip (see the HertzsprungRussell diagram presented by McDonald et al. 2011a ). Like its brighter counterparts, it shows long-period pulsations and an infrared excess, consistent with circumstellar dust production. Assuming there are typically 5 ± √ 5 stars above the cluster's RGB tip, and taking an evolutionary rate of one star passing the RGB tip every 80 000 years (McDonald et al. 2011a ), these five stars should represent the last 0.40 ± 0.18 Myr of AGB evolution in the cluster.
The envelope mass at the luminosity of the RGB tip is more difficult to calculate. Gratton et al. (2010) determine zero-age horizontal branch (ZAHB) star masses in 47 Tuc. Their ground-based measurements suggest the ZAHB star mass ranges from 0.629 M⊙ to 0.666 M⊙, with a median of 0.648 M⊙, but they also include masses derived from Hubble Space Telescope (HST) photometry, which range from 0.650 M⊙ to 0.691 M⊙, with a median of 0.674 M⊙. We assume these stars will end their lives as a 0.53 M⊙ white dwarf, based on measured masses of white dwarfs in other clusters (Richer et al. 1997; Moehler et al. 2004; Kalirai et al. 2009 ). These masses imply that ∼0.12 M⊙ or ∼0.16 M⊙ is lost during the entire horizontal branch and AGB evolution, including that below the RGB-tip luminosity. Assuming the limiting case of losing 0.16 M⊙ over 221 000 years, the average mass-loss rate for stars above the RGB tip of 47 Tuc must be <7 × 10 −7 M⊙ yr −1 .
A more limiting case is reached if we can estimate the envelope mass at the luminosity of the RGB tip itself. Calculating the mass lost between the zero-age horizontal branch up the AGB to the luminosity of the RGB tip is not trivial. The evolutionary track used by McDonald & Zijlstra (2015b) was designed to reproduce the RGB and HB of 47 Tucanae. This track was generated with the mesa (Modules for Experiments in Stellar Astrophysics) stellar evolution code (Paxton et al. 2011 (Paxton et al. , 2013 . Mass loss was included at the rate of ηR = 0.45, reproducing a ZAHB mass of 0.666 M⊙ after 12.02 Gyr. The model loses a further 0.067 M⊙ between the ZAHB and the point where the star reaches the same luminosity as the RGB tip (i.e. the same luminosity as V4). Taking the limiting case of the HST -derived mass of 0.674 M⊙, a total mass at the luminosity of the RGB tip of 0.607 M⊙ is implied, giving an envelope mass of ∼0.077 M⊙ and limiting the average mass-loss rate to <3.5 × 10 −7 M⊙ yr −1 . In contrast to the mass-loss rate in the previous para- graph, this mass-loss rate requires that Reimers' mass-loss formula is appropriate for early-AGB stars.
Summary
Reimers' scaling law 5 provides a lower limit to the mass-loss rates for pulsating AGB stars, implying an average massloss rate for our four stars of >2.3 ± 1.1 × 10 −7 M⊙ yr −1 . Stellar evolution models, pinned by the mass of HB stars (Section 3.2.2) suggest an upper limit of <3.5 × 10 −7 M⊙ yr −1 . We can therefore expect the mass-loss rate from our four observed stars to lie in the range 1.2-3.5 × 10 −7 M⊙ yr −1 . This predicted mass-loss rate is estimated to produce a CO line flux within the noise limit of our observations. However, the average predicted mass-loss rate is much less than the average of 1.4 × 10 −6 M⊙ yr −1 derived from these stars' infrared spectra 6 , although the infrared-based rates do come with a sizeable and poorly quantifiable uncertainty. These infrared-based mass-loss rates assumed slow (2-4 km s −1 ) winds, accelerated only by radiation pressure on dust; faster ( > ∼ 10 km s −1 ) winds would increase the calculated mass-loss rate.
The interstellar radiation field (ISRF)
The radiation environment within globular clusters differs from that in the Solar Neighbourhood (McDonald & Zijlstra 2015a). The ionised hydrogen and lack of interstellar dust within globular clusters reduces the opacity for ionising photons. Ionising sources are mainly post-AGB stars and white dwarfs, rather than the O and B stars of the Solar Neighbourhood. This leads to a much harsher ISRF than is typically assumed.
The ISRF of 47 Tuc was modelled in detail by McDonald & Zijlstra (2015a) . The ISRF can vary considerably, as the presence of very hot post-AGB stars in the cluster is stochastic. Many of the hottest post-AGB stars and white dwarfs in the cluster remain unobserved. We must 5 This process can be repeated with the SC05 scaling law, which predicts an average of >8.5 ± 4.3 × 10 −7 M ⊙ yr −1 for our stars. This is inconsistent with the <3.5 × 10 −7 M ⊙ yr −1 provided by the evolutionary analysis. This suggests the SC05 law is not appropriate for this particular situation. 6 Note that these assume a dust-to-gas ratio of 1:1076. The metallicity of 47 Tuc limits the abundance of refractory elements such that the true dust-to-gas ratio should not be closer to unity than 1:778 (McDonald et al. 2011a ). therefore rely on stellar evolution models to describe the typical ISRF within 47 Tuc and its temporal range.
To compute the ISRF impinging on each AGB star, we have created a three-dimensional model of the cluster. We begin with the catalogue from McDonald et al. (2011b) , which contains the two-dimensional (RA-Dec) position of almost every post-main-sequence source in the cluster up to the early post-AGB phase. We assume this is also representative of the distribution of more-evolved, hotter post-AGB stars. For each catalogued source, we assign a physical depth within the cluster. Assuming an Earth-to-cluster distance of 4500 pc, we randomly select a source nearby in right ascension to each star and use the declination of the random source to assign a radial distance from the cluster centre for each target source. This creates a stellar distribution with the same radial density profile as the density profile in declination, approximating a spherically symmetric distribution.
We then take the post-AGB stellar evolution model of McDonald & Zijlstra (2015a) , following the emitted spectrum as it evolves through its upper-AGB, post-AGB and hot-white-dwarf evolution. We follow the evolution of each of our model sources in time, randomly forcing one of our sources to undergo this post-AGB evolution with an average of once per 80 000 years (the stellar evolution rate according to McDonald et al. 2011b) . Summing the modelled flux from these sources at the locations of our four target stars, we obtain the integrated interstellar radiation field impinging upon them.
This model was run 100 times, in order to simulate different radial distributions of the radiation sources and observed targets. For each run, the evolution was followed for 10 6 years to quantify the time variability of the radiation. Figure 3 shows the ISRF, averaged for each source over all runs and all times. For comparison, the figure also shows the Solar Neighbourhood ISRF used by Mamon et al. (1988 , originally from Jura 1974 . The radiation field in the 914-1120Å region (normally associated with CO dissociation) is typically many times higher than the Mamon et al. (1988) value, and it is also considerably harsher.
Modelling the outer CO shell radius
A crude estimate
CO in the circumstellar environment has some self-shielding, but most shielding comes from circumstellar dust and H2, as shown by Mamon et al. (1988, their figure 2 ). At some depth the atmosphere becomes optically thick to incoming or outgoing radiation, forming the photosphere, or τ = 1 layer. In mass-losing stars, particularly at short wavelengths, the τ = 1 layer is wavelength dependent, depending on the shielding within the wind. Dissociation can therefore take place in an unshielded environment, if the time to intercept a UV photon is large compared to the time taken to reach the τ = 1 layer, or a shielded environment if it is smaller.
If shielding is not important, the CO dissociation radius will be limited simply by the average time it takes a CO molecule to encounter an interstellar UV photon, and the CO dissociation radius around metal-poor stars should be very similar to metal-rich stars. If the shielding is important, CO will be dissociated close to the τ = 1 layer, and the dissociation radius around metal-poor stars should be smaller. However, it cannot become much smaller before H2 becomes the dominant shielding mechanism. In either case, we expect metallicity to only have a second-order effect on the CO dissociation radius, and that the primary effect will be the strength of the ISRF. For a Solar-Neighbourhood ISRF, we would expect the 47 Tuc stars have CO envelopes filled to ∼0.013-0.023 pc (Section A1). A stronger ISRF will dissociate CO proportionally more quickly, so the dissociation radius should be inversely proportional to the ISRF strength. The primary contribution to CO dissociation is normally the 1076Å band (Mamon et al. 1988) , though the harder radiation field may change this in our case. The potential range in ISRF strength is large (Table 4 ) and is considerably greater for the stars closer to the cluster centre (V1, V8) than stars on the cluster's outskirts (V2, V3). Taking the 1σ ranges for the potential variation in ISRF, we compute a typical range of CO envelope outer radii of ∼4 × 10 −5 -0.008 pc, or 8-1800 AU. This does not for changes in the (self-)shielding of CO or the harder ISRF, and implies CO may be dissociated very close to the stellar surface ( < ∼ 10 R * ) at certain times. If the wind remains optically thin below these heights, there may be substantial CO dissociation within the dust-formation shell (2-10 R * ) around these stars. More typically, however, we would expect 90 per cent of the CO to be dissociated by ∼100 AU (∼120 R * ) in V1, and ∼30 AU (∼40 R * ) for V8.
A simple model
To get a simple estimate of the abundance of CO that could be expected in a high-UV-field, metal-poor environment we set up the following toy model, which we base on 47 Tuc V1. We used the moving-mesh code arepo (Springel 2010) . Our version of the arepo code has been modified to include timedependent chemistry as presented by Smith et al. (2014) (for full details see Glover (2007) and ). The CO abundance is calculated assuming that the CO formation is limited by an initial radiative association step, and that the CO destruction rate is primarily through photodissociation. The gas is shielded from the ambient radiation field by dust and gas self-shielding, which we calculate using the approach of Clark et al. (2012) .
The physical model consists of an expanding shell of gas with a total mass of 9 × 10 −4 M⊙, following a M (r) ∝ r −2 power law, starting from the assumed stellar surface at R * = 1.3 × 10 13 cm = 0.87 AU. The entire envelope corresponds to the mass ejected over 3000 yr 7 at a mass-loss rate of 3 × 10 −7 M⊙ yr −1 . The gas initially follows a T (r) ∝ r (Roediger et al. 2014 ). The envelope is initially fully molecular, with all its carbon in the form of CO.
The CO abundance relative to protons was tracked just inside the inner boundary of the expanding shell, representing an expanding region of gas in a dynamic envelope. The code assumes an external UV field with a spectrum equivalent to that seen in the Solar Neighbourhood (Draine 1978) , but with a flux that is 50× higher (i.e. 50 Habing units 8 ; see Section 3 and Table 4 ).
This model includes several important simplifications, which generally lead to an overestimate of the CO abundance, and an overestimate of the CO dissociation radius. The most important of these assumptions are:
• The adoption of an ISRF from the Solar Neighbourhood, scaled upwards by a factor of 50 to the expected timeaveraged flux of the ISRF in 47 Tuc at 1076Å. The UV field in globular clusters also contains harder UV photons, which will lead to more rapidly dissociated CO, and is likely to result in significant quantities of CO + , or even CO ++ .
• A lack of radiative heating from the central star, and a lack of thermal heating by circumstellar dust (collisional heating is included). This means the temperature of the CO envelope is colder than we expect (Figure 4) , protecting the CO in lower ro-vibrational states. Figure 2 of Mamon et al. The photo-chemical model does not include the central star so the gas cools radiatively. Heat exchange with dust is implemented, but dust and gas heating by the central star are not, so the ejecta cools radiatively. Smmol resets the temperature structure to this assumed power law. (1988) shows that halving the CO excitation temperature has a small but noticeable effect on CO shell size. Figure 4 shows the abundance of CO relative to protons as a function of dynamic radius. At the stellar surface, the carbon is entirely bound in molecules, with a CO:proton ratio of 2.67 × 10 −5 . The abundance drops rapidly with distance due to photodissociation by the ambient UV field. By a radius of 2.8 × 10 15 cm (0.00092 pc, or 218 R * ), 90 per cent of the CO has been dissociated. This represents a shell ∼22× smaller than predicted by Mamon et al. (1988) for a similar Galactic star. Bearing in mind the simplifications above, we can expect the shell size to be smaller still, suggesting a close to inverse relation between ISRF strength and CO shell size.
Predicting the CO line fluxes
Millimetre/sub-mm CO lines at these mass-loss rates are optically thin (e.g. Ramstedt et al. 2008) . Given the r −2 density law of our wind, we can expect the CO line flux to scale with the shell size, such that the CO line flux should be ∼22× lower than predicted by Ramstedt et al. (2008) for a star losing mass at 3 × 10 −7 M⊙ yr −1 . Other factors are important, notably the temperature structure of the atmosphere, which controls the rotational level populations of CO. We have therefore predicted line strengths from our envelope using the smmol radiative transfer code (Rawlings & Yates 2001) . Table 5 lists the parameters used in the model.
SMMOL
Smmol is a spherical-geometry, non-LTE radiative transfer code which solves level populations with the accelerated lambda iteration (ALI) scheme, described by Rybicki & Hummer (1991) and Scharmer & Carlsson (1985) . It relies on a discrete spatial grid and ray tracing for radiation transfer and is optimised for high-optical-depth regimes.
Smmol adopts dust properties from McDonald et al. (2011a) , which uses the Dusty radiative transfer code (Nenkova et al. 1999) to model the spectral energy distribution of V1. This model uses a grain mixture of 88 per cent metallic iron (Ordal et al. 1988 ) and 12 per cent silicates (Draine & Lee 1984) , surrounding a star modelled by a bt-settl model atmosphere spectrum (Allard et al. 2003 ). The gas temperature structure was taken from our photochemical modelling results. An accelerating wind was used, with a velocity at the inner region of 8 km s
−1 , and a terminal velocity of 11 km s −1 , to mimic radiative acceleration of dust. This lowers the optical depth of the profile but, as our stars have low mass-loss rates, the resulting line flux differs negligibly from a constant 10 km s −1 wind. A turbulent velocity of 2 km s −1 was adopted. Table 5 lists a full set of physical parameters.
Smmol modelled the observation as observed by a single 250-metre telescope with a perfect Gaussian beam. The CO envelope (0.
′′ 05) remains a point source at this resolution (1.
′′ 07), such that the conversion from antenna temperature to flux units (Janskys) represents the flux from the entire source as observed by ALMA. Table 6 lists the resulting line fluxes from smmol. Smmol clearly predicts line strengths below the upper limits of our observations, showing that photo-dissociation explains well our non-detection of the CO emission from these stars.
Results
We stress that these fluxes are only order-of-magnitude estimates, as many wind parameters are not accurately known. The line flux is strongly affected by the temperature structure of the inner stellar wind. We have adopted a simple power law for our model, but the physical temperature will be significantly affected by the dust properties. The dust properties of our target stars are not well known, particularly the grain mineralogy, grain size and dust-production rate, though they are likely very different from AGB stars in the Solar Neighbourhood (McDonald et al. 2011a ). This uncertainty therefore translates into a considerable uncertainty on the CO line strengths. When combined with the time-variability of the ISRF (Section 3.3), which can exceed an order of magnitude, it becomes clear that we are limited to stating that the line fluxes will scale very approximately with ISRF strength, and that we would typically expect them to be below the sensitivity limit of our observations.
DISCUSSION & CONCLUSIONS
In this paper, we have presented new ALMA observations of the four brightest stars in the globular cluster 47 Tucanae, 
examining the CO J = 2 → 1 transitions. No source was detected. Having modelled the interaction between the ISRF and the circumstellar enviroment, we expect that the CO line fluxes from the giant stars in 47 Tuc are around two orders of magnitude below our observation limit.
For any given globular cluster giant, if the wind is optically thin, then the radius of CO dissociation should exhibit an approximately linear relation with metallicity and an approximately inverse relation with ISRF strength (Section 3). The radiation field should be highly stochastic, driven by the temporally variable population of hot white dwarfs. The population of young white dwarfs is not well determined in most clusters, therefore it is not immediately possible to identify which clusters will be the best candidates for observation. However, the ISRF can be expected to vary by several orders of magnitude within a cluster, both temporally and spatially (Table 4) . Targets far from the cluster centre may experience radiation fields that are weaker than those in the Solar Neighbourhood (though they will still contain harder radiation). Giant stars at large distances from their host clusters' centres may therefore provide the best metal-poor stars around which to detect stellar winds and measure their expansion velocities. Table 4 indicates that V2 and V3 may occasionally experience ISRFs that are weaker than the Solar Neighbourhood. While this seems not to be the case at present, we can hope that a similar situation can be found in other Milky Way globular clusters.
Since the higher stellar density forces the CO envelopes to be smaller than their Galactic counterparts, the CO(3-2) line (or higher rotational states) may be considerably brighter than CO(2-1), as these are better populated in the warmer regions close to the star (Table 5) . We therefore suggest observations to detect CO line strengths and widths from globular cluster stars focus on: (i) stars at large radii from their host clusters and (ii) high CO rotational states emitted closer to the star.
We also advocate further observations of the circumstellar dust. Unexpectedly large amounts of dust are seen around many globular cluster stars McDonald et al. 2010 McDonald et al. , 2011a . Their spectra have strong silicate features (Lebzelter et al. 2006; van Loon et al. 2006a; McDonald et al. 2011a ), but also an underlying continuum, possibly explained by metallic iron ). This contrasts with the notable absence of interstellar dust within clusters (Boyer et al. 2008; Matsunaga et al. 2008; McDonald et al. 2009; Boyer et al. 2009; Barmby et al. 2009 ), and suggests dust is being destroyed while still in the circumstellar environment. The highest-energy photons (∼40 eV, ∼300Å) are likely to penetrate into the dustforming regions. While they are of insufficient number to dissociate a large fraction of CO in this region, they may still be important in the photo-chemical formation of dust.
Finally, we note that this situation is unlikely to be limited to globular clusters. The dissociation of CO around AGB stars by nearby post-AGB stars and white dwarfs is largely a function of stellar density (although stellar age, elemental composition and the density of the surrounding ISM are also important). This source of CO dissociation may also become important in old open clusters, nuclear star clusters, and gas-poor galaxies. The implications for the formation, chemistry, evolution and survival of dust in such environments are significant.
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APPENDIX A: OTHER PROCESSES AFFECTING THE STELLAR ENVELOPE
In the main text, we have shown that photo-dissociation of CO by interstellar UV radiation is a significant mechanism which reduces the CO envelope size. In this Appendix, we consider whether alternative processes acting on globular cluster stars may also affect the size of the CO envelope.
A1 Envelope size, filling time and resolution
In determining the effect of other processes, the relevant sizescales and time-scales must be compared to the extent and filling time expected for the CO envelope. In this section, we determine what those would be for an AGB star with the properties of those in 47 Tuc but with a Galactic ISRF incident upon it. We also examine the possibility that the CO might be resolved by the ALMA interferometer.
The limiting size of a CO envelope in a Galactic environment is usually set by its dissociation by the ISRF. Mamon et al. (1988, their figure 3 ) predict that 90 per cent of the CO in the envelope of a Galactic AGB star with a mass-loss rate of a few × 10 −7 M⊙ yr −1 will be dissociated by a radius of ∼0.013-0.023 pc. This equates to ∼0. Groenewegen 2014), a typical CO envelope would therefore be filled within 1300 to 2200 years. If CO is more rapidly dissociated by interstellar UV, we can expect the radius to be smaller and the filling time to be correspondingly shorter. This would preclude a much larger envelope, which could be resolved by the ALMA beam. Since the winds are optically thin, the dissociation radius is mainly set by the time taken for a CO molecule to absorb a UV photon. A faster wind may therefore lead to a larger envelope, but the velocity and envelope size will not be directly proportional. Larger envelopes will be less self-shielding, as the optical depth in the dissociating lines will decrease. It is unlikely that an envelope could reach the velocity needed to extend beyond the 2 ′′ ALMA beam ( > ∼ 20 km s −1 ), and virtually impossible for it to reach the > ∼ 60 km s −1 needed to be diluted by a sufficient factor that it becomes unobservable in the central beam. This would still be detectable by the larger 15.7 ′′ × 15.7 ′′ box, so we consider it very unlikely that the large-scale structure of our envelopes are resolved by the ALMA interferometer.
A2 Episodic or variable mass loss
If mass loss is episodic or variable, it is feasible that we could see strong mid-IR emission from recent dust production near the star, while the CO envelope further from the star traces a period of lower mass-loss rate. Given the chromospheric and CO mass-loss rates are discrepant by a factor of ∼10 in each case, any variability or episodic nature must be correspondingly large, i.e. a mass-loss rate variation of 10× or, alternatively, mass loss occurring only 10 per cent of the time. While the chances of finding any four stars going through this state is high, the chances of finding four particular stars (in this case the most luminous) simultaneously going through an episode of enhanced mass loss is therefore ∼10 4 :1 against. This probability only holds if the enhancement in dust production is uncorrelated with stellar luminosity. Such a correlation occurs, for example, during the bright phase of a thermal pulse. Girardi et al. (2010) model the thermallypulsating (TP) phase of a globular-cluster-like AGB star to be ∼1.2-1.8 Myr in length. If a star leaves the AGB every 80 000 years (McDonald et al. 2011b) , this lifetime equates to 15-23 stars on the TP-AGB, four of which we observe, the remainder of which will be at luminosities at or below the RGB tip. The bright phase of a thermal pulse is relatively short compared to the pulse cycle: ∼0.3 per cent (Herwig 2005) . The chances of a particular star being in the bright phase of a thermal pulse are therefore ∼0.3 per cent, and the chances for four such stars are ∼1 in 12 billion. A3 Self-destruction by chromospheric heating and/or stellar UV Although CO bands are present in the near-IR spectra of these stars , it is possible that they could produce enough UV photons to destroy their own CO envelopes. Metal-poor stars are warmer than their solarmetallicity counterparts due to reduced metal-line opacity in their atmospheres. Escaping stellar UV could lead to the destruction of CO near the stellar surface. A BT-Settl model atmosphere (Allard et al. 2003) at 4000 L⊙ and 3300 K emits 3 × 10 25 photons per second below the 1120-Å CO photo-dissociation limit. By comparison, a mass-loss rate of 3.4 × 10 −7 M⊙ yr −1 and efficient condensation (i.e. a CO:H2 mass ratio of 1:500) yields 3 × 10 41 CO molecules produced per second. Many more CO molecules are produced than there are UV photons to dissociate them.
While the BT-Settl atmospheres do not model chromospheric or shock heating in the outer atmosphere, the heating cannot compensate for the factor of 10 16 between the modelled number of ionising photons and number required to dissociate all the CO the star produces. Assuming a typical wavelength of 1105Å, 3 × 10 41 photons provide an energy of 8 × 10 20 W, or 10 −14 W m −2 as observed from Earth. Escaping photons would therefore be easily detectable in the GALEX FUV filter for all realistic spectral energy distributions. None of the four sources is present in catalogues from the satellite 9 , which is complete over 47 Tuc to a far-UV AB magnitude of ≈20.0 (≈1 × 10 −16 W m −2 ), approximately two orders of magnitude more sensitive than would be necessary to detect such a UV field.
Reduced metal-line and dust cooling in pulsation-driven shocks presumably mean that the post-shocked gas further out in the atmosphere also cools more slowly, leading to more effective dissociation of CO further from the stellar surface. However, observations show the expected column depths of CO absorption lines in the H-, Ks-and (archival) L-band VLT/CRIRES data , indicating that CO must survive to at least a few stellar radii. The observed CO absorption and lack of observed UV emission from these stars means that self-destruction of CO by the stars that produce it appears unlikely.
A4 Stellar encounters
Stellar encounters are common in globular clusters, and are thought to be responsible for a lack of planets and binary stars, and a prevalence of stellar exotica (Gilliland et al. 2000; Davies & Sigurdsson 2001; Weldrake et al. 2005; Knigge et al. 2008; Spurzem et al. 2009 ). While stellar encounter rates have previously been computed for 47 Tuc, published values are not specifically applicable to giant stars' envelopes (e.g. Davies & Benz 1995) .
The encounter timescale (τenc) between an AGB star and any other star in the cluster can be computed as: 
where n is the stellar number density, venc is the typical relative velocity at the start of the encounter, Renc is the maximum distance at which an encounter is deemed to occur and < M * > is the typical stellar mass (e.g. Davies & Sigurdsson 2001) . We conservatively assume an envelope radius of 0.03 pc (Section A1), hence conservatively adopt Renc = 0.06 pc. We assume venc = 22 km s −1 , or twice the radial component of the central velocity dispersion of the cluster (Harris 2010) . Given an average stellar density within the half-light radius of 1720 M⊙ pc −3 and dN /dm ∝ m −1.2 (Marks & Kroupa 2010) , bounded by a planetary mass (0.08 M⊙) and the maximum sub-giant mass (∼0.8 M⊙), we obtain < M * > > ∼ 0.2 M⊙ and n < ∼ 8600 pc −3 . We conservatively derive τenc > ∼ 340 000 years, though the possible range of values allow for τenc > 1 Myr. This is much longer than the 2300-year envelope filling timescale. While a fraction of stars may undergo envelope-disrupting stellar encounters at some point in their dust-producing phase, this is extremely unlikely to affect all four observed stars simultaneously.
A5 Disruption in the cluster potential
A circumstellar envelope will experience tidal disruption or 'spaghettification' as it interacts with the cluster potential, which becomes significant once it experiences significant differential acceleration over the filling timescale (which is considerably shorter than the ∼1 Myr orbital period). We can assume a 0.06-pc wide envelope in a radial orbit in a Plummer (1911) potential of characteristic radius 7.8 pc (Lane et al. 2010) , and calculate the change in distance between opposite ends of the envelope. We find a maximum differential acceleration of 2 × 10 −11 m s −2 , corresponding to a tidal elongation of one part in 10 4 . Tidal deformation of the envelope is therefore negligible.
A6 Sweeping by hot Halo gas
There is a general paucity of interstellar media in globular clusters (e.g. Smith et al. 1990; van Loon et al. 2006b van Loon et al. , 2009 , with interstellar media detected in only M15 and 47 Tuc (Freire et al. 2001; Evans et al. 2003; Boyer et al. 2006; van Loon et al. 2006b ). This strongly suggests that globular clusters are efficiently cleared of their ICM by some process, on timescales of < ∼ 1 Myr (Boyer et al. 2008) . We model that this is because it is ionised by hot white dwarfs and post-AGB stars, before being later cleared on slightly longer timescales (a few Myr; (McDonald & Zijlstra 2015a) ). However, this model does not include ablation by the passage of the cluster through the hot gas of the surrounding Galactic Halo, which is another leading contender (Faulkner & Smith 1991) .
The stand-off distance of a bow shock (R0), i.e. the minimum distance from the bow shock to an isolated, masslosing star, depends on four parameters: the mass-loss rate of the star and the expansion velocity of its wind (Ṁ , vexp), the interstellar medium density (ρISM) and the relative velocity of the star with respect to the Halo gas (v * ). R0 is given by (Cox et al. (2012) , and references therein 10 ):
Depending on the rotational coupling between the Halo and Milky Way, v * lies between 57 km s −1 (corotating Halo) and 190 km s −1 (non-rotating Halo) (Krockenberger & Grindlay 1995) . The internal velocity dispersion within 47 Tuc is negligible in comparison (11 km 10 Note that this momentum balance assumes cool Halo gas. Balancing ram pressure against gas pressure gives values of R 0 about three times larger. s −1 ; Harris 2010). No good determinations exist for ρISM; estimates at 3.1 kpc from the Galactic Plane are typically nH ∼ 0.01 cm −3 , but vary by an order of magnitude (Albert et al. 1993) . Taylor & Cordes (1993) estimate an electron density of ne ≈ 0.007 cm −3 at this location (we can expect ne ≈ nH in the ionised Halo gas), and the morerecent spherical model by Miller & Bregman (2013) predicts a lower value of ne ≈ 0.0002-0.002 cm −3 . AssumingṀ ≈ 10 −7 − 10 −6 M⊙ yr −1 , vexp = 4-15 km s −1 and nH ∼ 10 −4 − 10 −1 cm −3 , R0 = 0.02-38 pc, always greater than the expected CO shell radius. Additionally, these stars are not isolated, but are surrounded by a hot, ionised ICM (McDonald & Zijlstra 2015a), which should provide additional shielding out to R0 ≈ 0.3-98 pc. We conclude that ram-pressure stripping by Halo gas should not be effective at removing circumstellar CO envelopes.
